Introduction
============

The zebrafish (*Danio rerio*) is widely used as an experimental animal model in a variety of research fields in biomedical research, as its genome has high homology with the human genome ([@ref-5]). Moreover, the zebrafish has straightforward breeding conditions, initial transparency, rapid development ([@ref-56]), and easy husbandry ([@ref-34]). Zebrafish are also suited for behavioral screenings ([@ref-22]), representing a cost-effective and efficient alternative to rodents ([@ref-5]; [@ref-48]). In this context, the zebrafish has been used in many specific research fields such as genetics, neuroscience, and pharmacology ([@ref-42]; [@ref-59]), to evaluate its behavioral repertoire for understanding many phenomena, such as anxiety and stress responses, indicating its utility as a robust and quantifiable research tool ([@ref-57]).

Despite the well-known zebrafish behavioral repertoire ([@ref-31]), discrepancies and variability in research outcomes need to be considered. Some sources of variability have already been studied, such as fish personality traits ([@ref-63]; [@ref-50]), immune status ([@ref-32]), sex ([@ref-49]; [@ref-51]), strains ([@ref-15]; [@ref-52]), previous predatory experiences ([@ref-7]; [@ref-2]), and exposure to agrichemicals ([@ref-53]) and drug residues ([@ref-6]; [@ref-1]; [@ref-30]). These possible interfering factors may impair the reproducibility of the experiments and the accuracy of the results.

Studies focused on nutritional issues such as nutrient balance are frequent in rats ([@ref-9]), humans ([@ref-3]) and in the zebrafish ([@ref-43]; [@ref-23]; [@ref-38]). However, studies on feeding regimen are scarce and focused on production aspects such as fish health in salmon ([@ref-24]; [@ref-29]) and growth performance in Korean rockfish (*Sebastes schlegeli*) ([@ref-35]), yellowtail flounder (*Limanda ferruginea*) ([@ref-20]) and Atlantic salmon (*Salmo salar*) ([@ref-54]).

There have been experimental studies on the relationship between feeding regimen (frequency and rate) and swimming performance and metabolism in fishes ([@ref-58]; [@ref-19]; [@ref-41]; [@ref-40]). However, to the best of our knowledge, there have been no experimental studies on behavioral effects of the frequency of feeding or the time between last feeding and behavioral testing in zebrafish, especially with regard to anxiety-like behavior.

In the present study, we investigated the feeding regimen of laboratory zebrafish stocks as a candidate source for variation in results from different laboratories around the world. Specifically, we opted to manipulate two variables in feeding regimens that can be easily altered within research facilities and that may affect behavioral outcomes: feeding frequency and time between the last feeding and behavioral testing. Because the existent literature relates feeding regimen to swimming performance and metabolism ([@ref-58]; [@ref-41]; [@ref-40]), we also measured metabolic parameters like glucose, glycogen and lactate content as a possible causal mechanism of resulting behavior changes.

To test the hypothesis that feeding regimen affects fish behavior, we measured locomotor and anxiety-related behavioral outcomes. For this purpose, we used the novel tank test (NTT). NTT is an easy and reliable test based on geotaxis, the innate escape diving behavior of fish in novel environments ([@ref-33]). This test represents a conceptual analog of the rodent open field since NTT evokes motivational conflicts between diving behavior (a protective reaction) and subsequent vertical exploration. NTT targets the phenotypic domains of exploration and locomotion. Regarding anxiety-related endpoints, NTT assesses several parameters such as the time spent in the upper/bottom zone, latency to enter the top, and number of crossings between the zones ([@ref-33]).

Materials and Methods
=====================

Animals and housing conditions
------------------------------

A population of 180 mixed-sex adult wild-type zebrafish (sex ratio 1:1) of the short-fin (SF) phenotype, weighing 0.3--0.5 g, from a single brood of heterogeneous breeding stock at the Universidade de Passo Fundo, Brazil, was kept in 100-L plastic tanks with constant aeration and equipped with biological filtering under a natural photoperiod (14 h light/10 h dark). During the pre-experimental period and in the experiments, fish were fed with a commercial flaked food (Alcon Basic ©, humidity 10%, raw protein 45%, fat extract 5%). Water temperature was maintained at 28 ± 2 °C, pH 7.0 ± 0.2, dissolved oxygen at 6.1 ± 0.2 mg/L, total ammonia at \<0.01 mg/L, total hardness at 6 mg/L, and alkalinity at 22 mg/L CaCO~3~.

Ethics
------

The study was approved by the Ethics Commission for Animal Use (CEUA) at Universidade de Passo Fundo, UPF, Passo Fundo, RS, Brazil (Protocol 32/2016) and fully complied with the guidelines of Conselho Nacional de Controle de Experimentação Animal (CONCEA).

Specific procedures
-------------------

### Experiment 1

To evaluate the effect of the interval between feeding and behavioral testing, we captured 72 zebrafish haphazardly from different aquaria within a 48-aquaria recirculating water system, and distributed among 24 glass aquaria (3.9 L, 20 × 15 × 15 cm L × W × H, 3 fish/aquarium), with four aquaria for each of the six experimental groups. Fish were weighed to determine the amount of food provided. Fish were gently captured, placed on a small piece of filter paper, and rapidly weighed using a digital balance. The entire procedure took less than 30 s (fish weights are provided in the [Supplemental Information 1](#supp-1){ref-type="supplementary-material"}). During 10 days of acclimation, fish were fed using the regular feeding routine of the laboratory (twice a day), at a rate of 3% body weight per fish per day. All remaining food residue was removed from the water surface after 5 min. Observations during the feeding period indicated that all fish ate similar amounts of food. After 10 days of acclimation, we varied the interval between the last feeding and presentation of fish to the test (0.5, 3, 6, 12, 24 h and 48 h). Caution was taken to ensure that the interval between feeding and testing was the same for all fish within each group. In this experiment, the last feeding was at 06:00 and NTT testing was conducted from 06:30 to 18:00 h for 3 consecutive days (first day for the intervals from 0.5 to 12 h, second day at 06:00 h for the 24-h interval, and third day at 06:00 h for the 48-h interval).

### Experiment 2

To evaluate the effect of feeding frequency on behavioral testing, we weighed and distributed 70 zebrafish, haphazardly captured from a 48-aquaria recirculating water system, among five plastic tanks (147 L, 72 × 54 × 38 cm, L × W × H). We placed 14 fish into each plastic tank for a total of five experimental groups (*n* = 14). Within each tank, we installed an apparatus for physical isolation and identification of each individual while allowing chemical communication and visual contact ([Fig. 1](#fig-1){ref-type="fig"}). Each chamber measured 10 × 20 × 30 cm (L × W × H), with a volume of 6 L, and was delimited by a 1-mm plastic mesh. Fish from the five treatment groups were haphazardly allocated to the plastic tanks and were individually identified to ensure that each tank was allocated fish from each group. All fish were weighed to determine the amount of food as described in Experiment 1 (fish weight is provided in [Supplemental Information 1](#supp-1){ref-type="supplementary-material"}). In all five groups, fish were fed at a rate of 3% of body weight per day. The total amount of food was divided according to the different feeding frequencies as depicted in [Table 1](#table-1){ref-type="table"}. We considered feeding twice a day as regular feeding based on the routine of our laboratory. All eventual remaining food residue was removed from the water surface after 5 min.

![Schematic representation of the isolation apparatus used in Experiment 2.](peerj-06-5343-g001){#fig-1}

10.7717/peerj.5343/table-1

###### Feeding frequency and time in Experiment 2.

![](peerj-06-5343-g005)

  Group   Frequency                       Feeding time
  ------- ------------------------------- ---------------------------------------------
  1       6 times a day                   08:00, 10:00, 12:00, 15:00, 17:00 and 19:00
  2       4 times a day                   08:00, 12:00, 15:00 and 19:00
  3       Twice a day (regular feeding)   08:00 and 19:00
  4       Once a day                      08:00
  5       Once every two days             08:00

After 15 days of the different feeding regimens, we submitted fish individually to the NTT. For all treatments, care was taken to ensure a time interval of 12 h between the last feeding and behavioral testing. Considering chronobiological factors, all tests were conducted from 06:00 to 10:00 h. After NTT, we weighed and measured all fish. Fish were then sacrificed and stored in liquid nitrogen for biochemical analyses.

### Novel tank test

We used rectangular glass aquaria (24 × 8 × 20 cm, L × W × H) ([@ref-39]) filled with water from the same source and with the same characteristics of the water of experimental aquaria. Fish were filmed for 7 min using a Logitech HD Webcam C525 camera positioned on a tripod in front of the test aquarium. To avoid interference by human activity, the operator exited the experimental room after the fish were released into the NTT. For video analysis, we did not consider the initial 60-s interval, which was a period to allow fish adjustment to the stress of transfer and the novel conditions. The videos were then analyzed offline using the ANY-maze^^®^^ software, in which the test tank was divided into top, middle, and bottom zones. We scored the following behavioral parameters:: total distance traveled (m), number of rotations (also called circling, a 360° change in orientation in the horizontal plane), number of crossings between zones (considering the full body), time spent in the top (s), and the latency to enter in the top zone (considering the length of time elapsed before animal entry in the top zone for the first time \[s\]).

### Metabolism

The metabolism variables were determined only in fish from Experiment 2. Whole body biochemical analyses were performed due to the small size of our study fish. The whole body glucose level was determined using a glucose oxidase kit (Labtest, MG, Brazil). Glycogen content was determined by the Van Handel method ([@ref-62]). Lactate concentration was determined using a commercial kit (Kit Vis Interteck/Katal) ([@ref-18]).

### Statistical analyses

In Experiment 1, to meet the assumptions of the analysis of variance with regard to the independence of variables, we used the mean value of each aquarium, resulting in four true replicates of each treatment. The different intervals between the last feeding and the NTT were compared using one-way ANOVA followed by a post-hoc Tukey's multiple range test or a Kruskal--Wallis test followed by a post-hoc Dunn's test, depending on normality of the data (assessed by the Kolmogorov--Smirnov test). In Experiment 2, we compared the different feeding frequencies against the regular frequency (twice a day), using a one-way ANOVA followed by a post-hoc Dunnet's test or a Kruskal--Wallis test followed by a post-hoc Dunn's test, depending on normality of the data. The alpha level was set at 0.05 in Experiment 1 and set at a more conservative value of 0.01 in Experiment 2, because fish in the five treatments had been allocated to the five tanks (i.e., each tank contained fish from the five groups). This strategy allowed a relative but not complete independence of variables. In addition, using a conservative alpha level we reduced the chance of type I error.

Results
=======

Experiment 1
------------

Fish fed 3 h before the NTT traveled less than those tested at all other times (*F*~5,18~ = 13.93, *p* \< 0.0001, [Fig. 2A](#fig-2){ref-type="fig"}). Regarding crossing number, fish fed 3 h before the NTT crossed less than fish fed 0.5 and 12 h before the NTT (*F*~5,18~ = 4.641, *p* = 0.0068, [Fig. 2B](#fig-2){ref-type="fig"}). Fish fed 3 h before the NTT performed a smaller number of rotations than fish fed 24 h before the NTT (*F*~5,18~ = 13.91, *p* = 0.0162, [Fig. 2C](#fig-2){ref-type="fig"}), although differences were not statistically significant for all comparisons. Fish fed 3 h before the NTT spent more time in the top zone than fish fed 24 h before NTT (*F*~5,18~ = 13.46, *p* = 0.0194, [Fig. 2D](#fig-2){ref-type="fig"}) and had a shorter latency to enter the top zone compared to fish fed 24 and 48 h before NTT (*F*~5,18~ = 3.612, *p* = 0.0194, [Fig. 2E](#fig-2){ref-type="fig"}). The use and the latency to enter the upper section of the aquarium did not differ significantly among the other treatments. Please refer to the supplementary information for additional statistical details.

![Behavioral variables of zebrafish fed 0.5, 3, 6, 12, 24, and 48 h before a novel tank test.\
(A) total distance traveled per individual (m), (B) total number of crossings per individual, (C) total number of rotations per individual, (D) total time spent in the top zone per individual (s), and (E) latency to enter the top zone (s) during the 6-min test. Individual points represent means of three individuals from each of four aquaria. In (A, B, and E), horizontal lines represent the mean ± S.E., and different letters indicate significant differences (*p* \< 0.05) between treatments by Tukey's multiple range test. In (C and D), horizontal lines represent the median and interquartile range, and different letters represent significant differences (*p* \< 0.05) by Dunn's test.](peerj-06-5343-g002){#fig-2}

Experiment 2
------------

After 15 days of different feeding frequencies in individually housed zebrafish, individuals fed once a day (24 h frequency) presented anxiety-like behavior compared with those subjected to regular feeding frequency (twice a day). This was evident from the decreased time spent in the top (Kruskal--Wallis statistics *H* = 14.65, *p* = 0.0055, *df* = 4,56, [Fig. 3C](#fig-3){ref-type="fig"}), increased latency to enter the top zone (*H* = 14.72, *p* = 0.0053, *df* = 4,54, [Fig. 3D](#fig-3){ref-type="fig"}) and increased time spent in the bottom zone (*F*~4,56~ = 4.641, *p* = 0.0027, [Fig. 3F](#fig-3){ref-type="fig"}). However, feeding 4 or 6 times per day or only every second day did not result in differences from feeding twice a day. There were no treatment effects on locomotor variables ([Figs. 3A](#fig-3){ref-type="fig"}, [3B](#fig-3){ref-type="fig"}). Regarding metabolism, fish fed six times a day and those fed once a day had reduced whole-body glucose levels in comparison with fish fed twice a day (*H* = 20.97, *p* = 0.0003, *df* = 4,64, [Fig. 4A](#fig-4){ref-type="fig"}). Fish fed once a day were the only treatment to show a reduction in whole-body glycogen levels in comparison with fish fed twice a day (*H* = 14.58, *p* = 0.0057, *df* = 4,64, [Fig. 4B](#fig-4){ref-type="fig"}). Fish fed four times and once a day, as well as fish, fed every 48 h had increased levels of whole-body lactate in comparison with fish fed twice a day (*H* = 49.61, *p* \< 0.0001, *df* = 4,64, [Fig. 4C](#fig-4){ref-type="fig"}). Although there were no significant differences among treatments in initial or final weights, there was an effect of treatment on the change of weights (*H* = 13.46, *df* = 4,68, *p* \< 0.01). In comparison to fish fed twice a day, fish fed every two days gained less weight (*p* \< 0.01). Sample sizes vary slightly among variables due to technical problems with the behavior analysis software and one mortality. Please refer to the supplementary information for additional statistical details.

![Behavioral variables of zebrafish in the novel tank test in different feeding frequencies for 15 days.\
(A) total distance traveled per individual (m), (B) total number of rotations per individual, (C) time spent in the top zone per individual (s), (D) latency to enter the top zone (s), and (E) time spent in the bottom zone (s) during the 6-min test. In (A, B and E), horizontal lines represent the mean ± S.E., and asterisks over the brackets indicate statistical difference compared to twice a day regular feeding frequency by one-way ANOVA followed by Dunnet's test. In (C and D), horizontal lines represent the median and interquartile range and asterisks over the brackets indicate statistical difference compared to twice a day regular feeding frequency by Kruskal--Wallis followed by Dunn's test. (\*\* *p* \< 0.01 and \*\*\* *p* \< 0.001).](peerj-06-5343-g003){#fig-3}

Discussion
==========

Here we show that the feeding regimen may affect zebrafish behavior. Fish fed 3 h before behavioral evaluation presented a different behavioral pattern in the NTT. Similarly, different feeding frequencies also change behavior.

In Experiment 1, fish fed 3 h before behavioral testing were less anxious and demonstrated hypoactivity, as revealed by the shorter distance travelled compared to other treatments ([Fig. 2A](#fig-2){ref-type="fig"}), more time spent in the top compared to fish fed 24 h before testing ([Fig. 2D](#fig-2){ref-type="fig"}), and shorter latency to enter this zone ([Fig. 2E](#fig-2){ref-type="fig"}) compared to fish fed 24 h and 48 h before NTT. The marked hypoactivity in fish fed 3 h before behavioral testing could be attributed to a post-prandial alkaline tide, a metabolic alkalosis created by gastric hydrochloric acid secretion during digestion. This well-known phenomenon in mammalian species has been verified in freshwater fish such as rainbow trout (*Oncorhynchus mykiss*) ([@ref-12]; [@ref-10]; [@ref-11]). Thus, the alkaline tide may be a mechanism underlying the different outcomes in the NTT test. Another possible mechanism is a postprandial sparing of intestinal blood flow to support digestion, thereby limiting the allocation of blood flow to locomotory muscles as postulated by [@ref-58] in exercised chinook salmon (*Oncorhynchus tshawytscha*). Similarly, increased metabolic rate during digestion has also been correlated with altered swimming performance in several cyprinidae species ([@ref-41]; [@ref-40]).

![Intermediary metabolic variables of zebrafish fed at different feeding frequencies for 15 days.\
(A) whole-body glucose (mg/g tissue), (B) whole-body glycogen (mmol glucose/g tissue), and (C) whole-body lactate (mmol/g tissue). Horizontal lines represent the median and interquartile range and asterisks over the brackets indicate statistical difference compared to twice a day regular feeding frequency by Kruskal--Wallis followed by Dunn's test. (\*\**p* \< 0.01, \*\*\**p* \< 0.001 and *p* \< 0.0001).](peerj-06-5343-g004){#fig-4}

In Experiment 2, fish fed once a day presented anxiety-like behavior compared to those that received feeding twice a day. This was evident from the short time spent at the tank top, higher latency to enter the top zone, and longer time spent at the tank bottom. However, it is unclear why fish fed every two days did not demonstrate this pattern. The response may be related to metabolism. Studies have shown that plasma levels of glucose are correlated with psychological and behavioral alterations ([@ref-4]; [@ref-26]), diet interventions, and anxiety levels ([@ref-3]). In addition, caloric restriction is associated with changes in behavior ([@ref-36]) and stress responsiveness ([@ref-60]; [@ref-45]). However, in the present study, all fish received the same amount of calories, and only the frequency varied. Thus, we hypothesize that the abrupt fall in glucose and glycogen levels ([Fig. 4A](#fig-4){ref-type="fig"}) is the main factor responsible for the behavioral changes in fish fed once a day but not in fish fed every two days, compared to fish fed twice a day. However, we cannot exclude the possibility that fish in the different treatments consumed different amounts of food. A lower weight gain in fish fed every two days in comparison to fish fed twice a day may indicate that they were unable to consume the relatively large amount of food during the available time.

Metabolically, fish fed once a day presented altered levels of glucose, glycogen, and lactate; denoting a clear effect of feeding regimen on intermediary carbohydrate metabolism. Zebrafish fed once a day demonstrated a decreased level of whole body glucose compared to those fed twice a day. Interestingly, zebrafish fed at 48 h frequency presented glucose levels similar to those fed twice a day. A possible explanation is based on the stressful effect of fasting, which may potentiate the glucocorticoid effects of cortisol ([@ref-28]; [@ref-7]). Data about glucose dynamics in zebrafish are scarce, but a similar pattern was found in previous research ([@ref-7]).

Similarly, fish fed once a day demonstrated reduced glycogen levels, probably due to the cortisol effect mentioned above ([@ref-7]; [@ref-21]). Fasting periods tend to activate the adaptive utilization of alternative energy sources (gluconeogenesis via proteolysis) in the organism ([@ref-17]; [@ref-37]). In this regard, the normal glycogen level measured in fish fed at 48 h frequency reinforced adaptation of the organism to frequent fasting ([@ref-7]). The increased levels of lactate measured in fish fed once a day and at 48 h frequency could be attributed to anaerobic glycolysis caused by fasting ([@ref-14]).

Mechanistically, we suggest that the metabolism changes caused by the feeding regimen are causative factors of the behavioral changes observed. Since the activity level and exploratory behavior are associated with energy expenditure ([@ref-55]), the metabolic changes caused by the feeding regimen may be associated with the changes observed in fish performance on the NTT. In this regard, exploratory activity, as well as responsiveness to novelty and stress, are highly associated with animal personality and energy metabolism ([@ref-8]; [@ref-16]).

We cannot exclude the possibility that the feeding regimen, metabolism alterations, and behavioral changes observed in the present study might not be causally linked. In rodents, food restriction can produce changes in stress responsiveness that alters metabolism and nervous system activity. These factors can produce behavioral changes and other adjustments ([@ref-45]). The link between acute stress and food intake behavior has been studied in fish and may occur via ghrelin signaling ([@ref-46]; [@ref-61]). Since the aquarium set-up used in Experiment 2 ([Fig. 1](#fig-1){ref-type="fig"}) may have been stressful (Débora Fior, personal communication), acute stress may have been a co-causative factor of the metabolic changes observed. Furthermore, physical isolation in Experiment 2 may have interfered with the behavior of fish. Indeed, isolation causes changes in the stress response ([@ref-25]), and glucocorticoids released in the stress response can interfere with intermediary metabolism. However, this hypothesis seems less likely as the apparatus allowed the chemical and visual contact between fish.

In Experiment 1, fish were maintained in groups of three, since isolation is a stressful condition for zebrafish ([@ref-25]) and may cause changes in behavioral performance ([@ref-44]). On the other hand, fish grouped for a 10-day period can establish shoaling ([@ref-56]; [@ref-13]) and hierarchical organization ([@ref-47]) that can modulate aggression and promote competition for food ([@ref-27]), which interferes with the amount of food consumed by each fish. However, we observed fish during the feeding period and observed that all fish ate food in similar amounts.

Regardless of the mechanism that induces the behavioral changes, the results of the present study may have practical applications since the high variability of the results between different laboratories may be related to the different feeding protocols employed. On the other hand, since some behavioral parameters were not altered, variation in feeding regime is possible without behavioral effects. Thus, if issues regarding the interval between the last feeding and tests are not considered, the differences (or its absence) in the results may be erroneously interpreted and related to treatments or conditions, whereas the differences could be due to artifacts from the experimental protocol. Although we did not compare data of Experiment 1 and Experiment 2, fish from the second experiment seems to be more anxious reinforcing our hypothesis that differences in feeding protocols can cause discrepancies in behavioral outcomes.

Conclusion
==========

Fish fed 3 h before behavioral testing demonstrated anxiolytic behavior with marked hypoactivity and longer time spent in the top zone of the tank. In addition, fish fed once a day demonstrated anxiety-like behavior compared to those fed twice a day. Based on these data, we conclude that feeding regimen modulates fish behavior. This issue may be considered as a source of variation in the results of laboratories around the world. More studies are needed to replicate these findings and confirm whether different feeding regimens can influence behavioral, biochemical and molecular parameters in zebrafish.
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